Introduction {#sec1-1}
============

Neuropathic pain as consequence of nerve injury that affects the somatosensory system is one of the most difficult challenges in pain treatment ([@ref1]). The management of chronic pain and, mainly, neuropathic pain, is still a major challenge to clinicians because of its unresponsiveness to most of the currently used analgesic drugs ([@ref2]).

The etiology and underlying mechanisms of such pains are poorly understood and the existing treatments have limited benefits and are associated with significant drawbacks ([@ref3]). Hence, it is important to elucidate the mechanisms underlying these surprisingly common disorders and identify new strategies for the development of effective therapies ([@ref4]).

Antinociceptive effects of some antide- pressants have been demonstrated ([@ref5], [@ref6]). Maprotiline is an antidepressant drug with an atypical tetracyclic structure differing from the conventional antidepressants such as amitriptyline and imipramine. This drug is well tolerated with fewer side effects ([@ref7], [@ref8]).

Maprotiline is a strong norepinephrine reuptake inhibitor with only weak effects on serotonin and dopamine reuptake and weak blocking effect at the muscarinic (mACh) postsynaptic receptors ([@ref9], [@ref10]). There are a few reports that explain the analgesic properties of maprotiline ([@ref11], [@ref12]).

One published randomized, double-blind crossover trial has reported that maprotiline relieved post herpetic neuralgia (PHN) in many patients ([@ref13]).

Obata *et al* have reported that intrathecal administration of maprotiline did not produce antiallodynic effects in a rat model of neuropathic pain ([@ref14]). However Nakajima and his colleagues have shown the analgesic effects of maprotiline as a selective norepinephrine reuptake inhibitor. Their results showed that maprotiline produced an antiallodynic effect, and the observed effect was reversed by intrathecal idazoxan administration, an alpha2-adrenoceptor antagonist ([@ref9]).

Some studies also have reported that maprotiline enhances analgesic effects of morphine and delayed tolerance development to morphine ([@ref15], [@ref16]). But until now the effects of maprotiline in inhibition of peripheral neuropathy and also underlying mechanisms that may be involved in its antinociceptive effects have not been fully examined.

Therefore, the aims of the present study were to determine the effects of systemic maprotiline administration in an animal model of peripheral neuropathic pain and the possible involvement of the opioidergic system in the antinociceptive effects of maprotiline.

Materials and Methods {#sec1-2}
=====================

Chemicals {#sec2-1}
---------

Maprotiline and naloxone were obtained from Darupakhsh pharmaceutical Co, Iran. Acetone was bought from Iran Kaveh Co, Iran. Maprotiline was dissolved in 0.9% NaCl solution.

Animals and housing conditions {#sec2-2}
------------------------------

The experiments were performed on male Sprague--Dawley rats (200--250 g). They were housed under standard environmental conditions (12/--12 hr light/dark cycle at 22 °C), with free access to food and water.

Neuropathic pain model {#sec2-3}
----------------------

The rats were anesthetized with ketamine (50 mg/kg IP) and xylazine (10 mg/kg IP). Common sciatic nerve was exposed and four ligatures (4.0 chromic gut) with a 1--1.5 mm interval between ligatures were tied loosely around the nerve. Sham-operated rats had the same surgery, the left sciatic nerve was exposed but no ligation was made. All experiments followed the ethical standards for investigation of experimental pain in animals and were also approved by the Research and Ethics Committee of Kashan University of Medical Sciences, Kashan, Iran ([@ref17]).

Behavioral tests of neuropathic pain {#sec2-4}
------------------------------------

Behavioral scores of the neuropathic pain were determined as thermal hyperalgesia, cold and mechanical allodynia. All experiments were performed between 8:00 AM and 1:00 PM to prevent response fluctuation. After cage exploration and major grooming activities ceased, the behavioral tests were performed. The behavioral scores of neuropathic pain were determined 45 min after the drug injection on the 7^th^ and 14^th^ post-operative days ([@ref18]).

Thermal hyperalgesia (Plantar test) {#sec2-5}
-----------------------------------

By using a Plantar test apparatus (Ugo Basile, Varese, Italy), hyperalgesia to the thermal stimulus was measured. Rats were placed in a Plexiglass container on a transparent glass floor and allowed to fully adapt. An infrared beam was moved beneath the mid-plantar surface of the hind paw through the glass window. Time (seconds) between the irradiation onset and paw withdrawal was defined as paw withdrawal latency. A cut-off time of 22 sec was allowed to avoid tissue damage. Each animal was tested three times with 5 min intervals between stimulations to avoid sensitization of the hind paw. Mean time of the withdrawal latency for ipsilateral (operated) paws were calculated separately ([@ref19]).

Cold allodynia (acetone test) {#sec2-6}
-----------------------------

Cold allodynia was performed by using the acetone spray test (evaporation-evoked cooling). This test was performed by applying one drop of acetone bubble touched with the plantar surface of hind paw. This test was repeated five times with one minute intervals. If the animal withdrew or shook its hind paw in response to acetone drop, response was considered positive. The frequency of paw withdrawal was expressed as a percentage (the number of paw withdrawals/number of trials×100) ([@ref20]).

Mechanical allodynia (von Frey filament stimulation) {#sec2-7}
----------------------------------------------------

Paw withdrawal threshold to mechanical stimuli was measured using von Frey filaments (Stoelting, Wood Dale, IL, USA) in the following order: 0.6, 1.0, 1.4, 2.0, 4.0, 6.0, 8.0, 10.0, 15.0, 26.0 and 60 g. Rats were placed on a mesh wire (0.8×0.8 cm cell) floor, on an elevated transparent Plexiglass box (18×18×25 cm). After acclimatization, filaments in an increasing manner from weakest to strongest force were perpendicularly touched to the plantar surface of ipsilateral hind paw. The smallest filament size which induced at least 3 withdrawal responses during 5 consecutive applications was considered as withdrawal threshold ([@ref21]).

Treatment {#sec2-8}
---------

Day 7 was chosen as the start day of treatment because previous studies have indicated that the neuropathic pain is fully established and stable by this time ([@ref22]). Maprotiline (10, 20 and 40 mg/kg IP) was administered on the 7^th^ and 14^th^ days after surgery 45 min before behavioral tests, in each group of rats ([@ref6]). The vehicle groups were given saline injections according to the same schedule.

Evaluation of the role of opioid receptors {#sec2-9}
------------------------------------------

To study the role of the opioid system in the antinociceptive effects of maprotiline, this drug (20 mg/kg IP) was administered in combination with naloxone (1 mg/kg SC) on the 7^th^ post-surgery day.

Statistical analysis {#sec2-10}
--------------------

Data were compared by one-way analysis of variance (ANOVA) followed by Fisher LSD *post hoc* test for multiple comparisons. Time-course analysis of behavioral data was compared by ANOVA repeated measures for each experimental group.

Results {#sec1-3}
=======

Behavioral tests of neuropathic pain {#sec2-11}
------------------------------------

The rats did not show any signs of autotomy after the sciatic nerve ligation. Paw gesture of the ipsilateral paw was slightly altered, but this did not interfere with the normal activity of the rats.

Cold allodynia {#sec2-12}
--------------

As shown in [Figure 1A](#F1){ref-type="fig"} the ipsilateral paw of nerve ligated animals became much more sensitive to acetone application (*P*\<\<0.001). Sham operation did not produce any alteration of the nociceptive response. Maprotiline (10, 20 and 40 mg/kg IP) treatment significantly reduced the withdrawal frequency in comparison with CCI group (*P*\<\<0.01) ([Figure 1B](#F1){ref-type="fig"}).

![Cold allodynia after CCI, (A) Time course of cold allodynia (B), Effect of maprotiline (10, 20 and 40 mg/kg IP) on cold allodynia The results are expressed as Mean ± SEM, \#\#\#*P*\<\<0.001 versus sham group, \*\**P*\<\<0.01 versus CCI group. n=6 in all groups](IJBMS-18-752-g001){#F1}

Thermal hyperalgesia {#sec2-13}
--------------------

Sciatic nerve ligation decreased paw withdrawal latency to the thermal stimulus in ipsilateral paw, but sham operation did not produce any significant change in the paw withdrawal latency ([Figure 2A](#F2){ref-type="fig"}). Acute administration of maprotiline blocked thermal hyperalgesia on the 7^th^ and 14^th^ days after surgery (*P*\<\<0.001) ([Figure 2B](#F2){ref-type="fig"}).

![Heat hyperalgesia after CCI, (A) Time course of heat hyperalgesia, (B) Effect of maprotiline (10, 20 and 40 mg/kg IP) on heat hyperalgesia. The results are expressed as Mean ± SEM, n=6 in all groups. \*\*\**P*\<\<0.001 versus CCI group, \#\#*P*\<\<0.01 versus sham group](IJBMS-18-752-g002){#F2}

Mechanical allodynia {#sec2-14}
--------------------

Sciatic nerve ligation led to a significant decrease of withdrawal threshold of ipsilateral paw in comparison with sham operated group (*P*\<0.001). Treatment with maprotiline (20 and 40 mg/kg IP) significantly modified paw withdrawal threshold (*P*\<\<0.01) ([Figure 3B](#F3){ref-type="fig"}).

![Mechanical allodynia after CCI, (A) Time course of mechanical allodynia, (B) Effect of maprotiline (10, 20 and 40 mg/kg IP) on the mechanical allodynia. The results are expressed as Mean ± SEM, n=6 in all groups. \*\**P*\<\<0.01 versus CCI group, \#\#\#*P*\<\<0.001 versus sham group](IJBMS-18-752-g003){#F3}

The effects of naloxone on maprotiline-induced effects {#sec2-15}
------------------------------------------------------

[Figure 4](#F4){ref-type="fig"} shows the effects of naloxone on the thermal anti-hyperalgesic effect of maprotiline (20 mg/kg IP). Naloxone significantly prevented antihyperalgesic effect of maprotiline in the radiant heat Plantar test. However could not significantly change the effect of maprotiline in von Frey filament or acetone test. Also naloxone (1 mg/kg SC) did not induce any significant change in the nociceptive thresholds ([Figure 4](#F4){ref-type="fig"}).

![The effect of naloxone (1 mg/kg SC) on the antihyperalgesic effect of acute treatment with maprotiline (20 mg/kg IP). Mapro 20+ Nal: Rats treated with maprotiline (20 mg/kg IP) and naloxone (1 mg/kg SC). The results are expressed as Mean ± SEM, n=6 in all groups. \*\*\**P*\<\<0.001 versus CCI group, ++*P*\<\<0.01 versus Mapro 20 + Nal](IJBMS-18-752-g004){#F4}

Discussion {#sec1-4}
==========

In this study our results showed that systemic administration of maprotiline on the 7^th^ and 14^th^ days after surgery blocked heat hyperalgesia, cold allodynia and reduced mechanical allodynia. Rats did not show any sign of ataxia due to maprotiline (10, 20 and 40 mg/kg IP) administration. Also it has been reported that maprotiline only at higher doses (150 and 300 mg/kg PO) produced toxic effects in rats ([@ref23]).

The increasing body of evidence has demonstrated the antinociceptive effects of anti-depressants particularly those with selective norepinephrine reuptake inhibition property ([@ref24]-[@ref26]). Maprotiline is an antidepressant drug with strong norepinephrine reuptake inhibition property ([@ref7]). Considering our results maprotiline attenuated pain related behaviors in the neuropathic pain.

It could be suggested that maprotiline, by inhibiting norepinephrine reuptake, triggered the activation of the descending noradrenergic inhibitory pathway which produced antinociceptive effects ([@ref9]). However, further studies are needed to confirm this claim.

Moreover maprotiline has a potent anti-inflammatory effect, and it i's believed that this effect is mediated via central and peripheral mechanisms. Recent studies have demonstrated that injury of the peripheral nerve initiates an inflammatory cascade that induces activation of immune cells, therefore mediators such as histamine, IL-1β and TNF-α, which stimulate nociceptors, are released ([@ref27]). These mediators enhanced inflammatory responses in the injured nerve and contribute to the neuropathic pain development ([@ref28]).

Multiple lines of studies also have shown the interaction between maprotiline and the opioid system. It has been reported that maprotiline significantly increased the intensity and duration of morphine antinociceptive activity ([@ref15], [@ref16]). On the other hand studies on the animal model of neuropathic pain have demonstrated that peripheral nerve injury down-regulates the mu-opioid receptor (MOR) in the dorsal horn of the spinal cord ([@ref29], [@ref30]). This loss of spinal MOR is linked with behavioral exhibition of the neuropathic pain and the deficiency of opioids ([@ref31], [@ref32]). Our results showed that naloxone inhibits the antihyperalgesic effect of maprotiline in the radiant heat Plantar test. Hence, it can be suggested that opioid system may be involved in the antihyperalgesic effects of maprotiline. Previously it has been reported that naloxone also reversed antinociceptive effects of lithium in neuropathic pain ([@ref19]). Also naloxone could not reverse the antinociceptive effects of maprotiline in cold and mechanical allodynia.

This difference is probably due to different nociceptors and neuronal pathways involved in different sensory modalities. Non-noxious tactile stimulus is transmitted chiefly through low-threshold, large diameter, myelinated Aβ fibers, while cold stimulus is transmitted to the spinal cord through high-threshold, thin unmyelinated primary C-fiber nociceptors ([@ref33]). In particular, that painful reaction to innocuous thermal stimuli seems not to be due to a simple decrease in nociceptor thresholds. The increasing body of evidence demonstrated the involvement of distinctive warm and cold receptors in thermal allodynia ([@ref34]). Recent studies on transient receptor potential melastatin 8 (TRPM8) knockout mice indicate the involvement of cold and menthol-sensitive receptor TRPM8 in cold allodynia while it does not have any involvement in mediation of heat or mechanical pain ([@ref35]).

Conclusion {#sec1-5}
==========

Our results showed that maprotiline reduces behavioral scores of the neuropathic pain and the opioid system may be involved in the antihyperalgesic effects of maprotiline. Other mechanisms also may be involved in the antinociceptive effect of maprotiline, particularly in attenuation of cold and mechanical allodynia. Further investigations are required to clarify the other possible mechanisms of maprotiline in the treatment of neuropathic pain.
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